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We report on measurements (f1-18-cm wavelength radio emission from interactions of 15.2 MeV
pulsed electron bunches at the Argonne Wakefield Accelerator. The electrons were observed both in a con-
figuration where they produced primarily transition radiation from an aluminum foil, and in a configuration
designed for the electrons to produce Cherenkov radiation in a silica sand target. Our aim was to emulate the
large electron excess expected to develop during an electromagnetic cascade initiated by an ultrahigh-energy
particle. Such charge asymmetries are predicted to produce strong coherent radio pulses, which are the basis
for several experiments to detect high-energy neutrinos from the showers they induce in Antarctic ice and in
the lunar regolith. We detected coherent emission which we attribute both to transition and possibly Cherenkov
radiation at different levels depending on the experimental conditions. We discuss implications for experiments
relying on radio emission for detection of electromagnetic cascades produced by ultrahigh-energy neutrinos.

PACS numbds): 41.75.Fr, 98.70.Sa, 41.60.Bq

[. INTRODUCTION the total emission from cascades depending on the cascade
medium, ambient fields, and geometry.

In 1962, Askaryar 1] first predicted that large electro-
magnetic particle cascades would develop an asymmetry of
electrons over positrons at the level of 20—-30 % due to the
following processes: Compton scattering of atomic electrons Under typical conditions, none of these processes produce
in the target material by cascade photodsay scattering adio emission comparable to that of other passbands until
processes, and annihilation of positrons in flight. Askaryarf€ energy of the cascades exceeds'® eV. Thus a direct
realized that the propagation of this charge asymmetry in &ccelerator beam test of these predictions is difficult. Such a
dielectric medium should result in radio emission due to thd®St could be made with existing TeV proton beams where
processes of Cherenkov and transition radiation. For waveRPservations of radio emission, though expected to be corre-
lengths much larger than the shower dimensions, he notegPondingly weak and difficult to characterize, would demon-
that the radio emission would be coherent, i.e., the electrongfate the existence of the charge asymmetry. However, a
radiate in phase, with a resultindg increase in the radiated fa!lure to dett_—:-ct radio emission und_er these circumstances
power with the number of excess electrdds, in contrast might be attributable to either a failure of the shower to

with a linear rise expected from incoherent emission. produce the predicted charge asymmetry, or a loss of radio

Recently this suggestion has generated renewed interepherence in the emission process after the charge asymme-

both on experimental and theoretical fronts. On the experitry;\1as de\I{[eIop?_d. . tal h h tilized
mental side, it has become the basis for a number of ne\% S an afternative experimental approach, we have utilize

searches for radio-frequendiRF) emission from cascades wer-energy pulsed electron bunches incident on a target
d .material. The electron bunch then emulates the resulting

Z\dtucetq b_y ulérag |gh—§netrgEy\;1eutrmqs—ft Pet\r/1 eln ergies IrEharge asymmetry from the late stages of a high-energy cas-
ntarctic ice[2-5] and at EeV energies from the lunar re- cade, and allows one to focus experimentally on the radio-

golith [6-10]. On the theoretical side, a number of recent,gnission process. Simulations have shdidi that the bulk
very detailed simulation§6,11-13 have validated Askary- o the radio-emission arises from low-energy electrons

an’s basic result: Particle cascades at energies frdnTeV (<10 MeV) produced late in the shower. Thus investiga-
up to 16° eV will develop a net negative charge excess oftions of the coherent radio-emission properties can be done
order 20—30 % of their total charged-particle number. Thesgyith fairly modest electron energies, provided that the bunch
simulations also confirm Askaryan’s prediction of a corre-length is at least as small as the longitudinal and transverse
sponding nanosecond pulse of radio Cherenkov emissioghower sizes expected in cascades in solid matdgaigseral

with a characteristic frequency and angular dependence. Exm). The total number of charged particlg¢shich are vir-
tending Askaryan’s original idea, Markov and Zheleznykhtually all electrons and positrons near and after shower maxi-
[14] have also shown that a number of other coherent radianum) in a cascade is to a good approximat®g,q,./GeV.

tion processes, such as transition, synchrotron, and bremklence, a given cascade energy can be simply related to the
strahlung radiation, are likely to be important contributors tonumber of electrons per pulse at an accelerator.

A. Experimental tests
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We have adopted this alternative approach to begin devehostic for particle energies in detector systems at accelerators
oping a laboratory basis for confirmation of Askaryan’s hy-or in cosmic-ray detectors. A number of the approximations
pothesis. Using the Argonne Wakefield Accelerg®WA)  used for x-ray TR are not valid for radio emission, and our
facility at Argonne National Laboratory, we have employedtreatment here reflects that.

20-50 ps pulsed electron bunches wip=10'"-10"! elec-

trons per bunch to produce coherent radio emission from A. Transition radiation

several targets. We looked for radio emission in the 1.7—-2.6-
GHz microwave bandl(11-18-cm wavelength Our initial
measurements show evidence for both coherent transiti
and perhaps Cherenkov radiation. In the following section
we discuss some of the history of related measurements . .
other facilities. Section Il gives a summary of the theoreticalc€S Of refractione;,n, upstream and,,n, downstream is
basis for the emission. In Sec. lll, we describe our experi-g'ven by[22,20

mental setup, the measurements made, and the results ob- 42W. ha \e,siocodo
tained. We conclude the paper by considering the applica- TR_Na VeS|

tions of these results to coherent radio detection of neutrino- dodQ) 72 (1- B2, c0$6)?
induced cascades.

Transition radiation occurs as relativistic electrons cross
OWe boundaries between dielectric media. The forward angu-
lar spectrum of TR for passage of a single electron through a
§{ngle dielectric boundary with dielectric constants and indi-

112, (2.1

where the angled is measured with respect to the electron
B. Related measurements of coherent emission direction, B=v/c is the electron velocity, anfl and « are
from LINAC beams Planck’s constantover 27) and the fine-structure constant,

Over the past two decades, a significant effort has gongespectlvely. The factog is

into measurements of coherent Cherenkov radiatiGR) 2 ;
> S , e (1— N P—
and transition radiatiofiTR) from electron linear accelerator 7= (2= €)1~ er Ber—€SIMH)

(LINAC) beams. The primary motivation for these experi- (€,C0S0+ \ex\e1— €, SIMPO) (1— B\ey— €, SINPB)
ments has been the development and characterization of co- (2.2
herent sources of millimeter-wave and far-infrared radiation. o . ) i )
Although several early experimenfd5,16 were done at The equation is written thls_way since _the fact¢cosd| is
centimeter wavelengths using continuous-beam device§l0se to unity for most solid-vacuum interfaces. We have
most recent work has focused on the shorter wavelengths. fpeglected the magnetic permeability of the two media since
the early cm-wave work, the detected power was attributed 1S unimportant for the materials in our experiment. The
to CR from air at the end of the beam pipe. No measureduantity expressgd is _the total radlatgd energy per unit radian
ments of the coherence properties were made. frequency per unit sol_ld angle. The d_|electr|c constanire
Later work[17—19 demonstrated the coherence of radia-" general complex W|th both refractive and absor.pt|ve com-
tion observed under similar conditions, again attributing it inPonents. These equations show that the TR is forward-
part to CR. Following this, a number of authdiss,20,21 peaked with a characteristic angleyldnd that the_radlatlon
realized that the bulk of the observed radiation in such ciriS broadband. Analogous results can be obtained for the
cumstances must in fact be primarily TR, and that the Cherbackward emission by multiplying by the appropriate Fresnel
enkov contribution was not easily separable given the experiteflectmn coefﬁqent. We refer the reader to the literature
mental configurations used. This is primarily due to twol22—24 for details. _
features of these experiments. First, the Cherenkov angular We note that these results are derived for the case of a
distribution in air is nearly identical to that of TR. Second, Particle traversing from-2c and do not account for decel-
the relatively short effective path lengths of the electron€ration of the pa_rt|cle at the interfaces or in the media. These
beam in the air meant that the CR power was suppressefluations contain poles at several valueg @nde,, most
compared to the TR power. notably at the value of defined by

_ -1
Il. THEORETICAL CONSIDERATIONS cosf=(BVe,) 1, 2.3

As we have noted above, the primary radio-emission prowhich is the condition normally associated with the defini-
cesses that we expect to be important in our experiment aition of the Cherenkov angle. This has been identified as an
transition and Cherenkov radiation. Both of these processeartifact of the assumption of an infinite medium and track
are well known and studied in the optidédr CR) and x-ray  length[22,23, but it does highlight the close association of
(for TR) regimes, but the emission is not typically coherentthe TR and CR processes, and the complications that arise in
at these wavelengths. In addition, most CR emission is obseparating them. As a result, E@.1) does not provide a
served under conditions where the emitting region and thelear theoretical distinction, which would allow us to sepa-
charged-particle track length are physically much longer thamate out the assumptions of an infinite medium and track
the wavelength observed; for our accelerator experimentength, in order to isolate the TR from the CR contribution.
this condition is not satisfied and the traditional treatment oWe discuss this issue further in the Appendix.

CR through the Frank-Tamm formulation, which is obtained Another important feature of transition radiation isfibs-
when the track length is much longer than the wavelength ofation zone k[22], which is the downstream region of the
observation, is not valid. In the case of transition radiationmedium over which the radiation field due to the transition
most present work centers on the use of x-ray TR as a diaggecomes fully separated from the Coulomb field of the
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propagating charge. For fully formed TR to develop, the di-growth of power. Thus foN, electrons per bunch, we expect
electric boundary must be sharp compared to the size of thighe total radiated energy to B¢ times the formulas given

region, given by above for single electrons.
This is the condition for full coherence, and it will only be
2w B¢ obtained in the limit where the bunch size is far smaller than
Li= lw(1—n,B3 cosh)|’ 2.4 the wavelength observed. In our case, although this condition

is generally satisfied, there are corrections due to the bunch

. . . . f f hich shoul for. This i icall
This also means that any effect which disturbs the dlelectrl%oorrr% ?)c):/tc;;trmg Olli ciﬁ gotuhg tf)grric?ggtgtresdfoorr the Ilsolr?gti{follci:r?a?/

propert?es of the downstream medium yvithin the format.iontransverse and angular emittance of the electron bunch:
zone will tend to suppress the full formation of TR according '

to the equations developed above. For the case where the P=Ng(1+Nf f+f,)Po. (2.7
particle is stopped within the formation zone, the assumption

used in developing the TR formalism is again not satisfiedHereP is the radiated powef, ,fr,f, are the longitudinal,
and we expect that the TR is again suppressed. At preseritansverse, and angular emittance form factors,Rgis the

the magnitude of this expected suppression is not quantifiegsingle-particle radiated pow¢20]. The spatial form factors

in the literature, but we note this effect since it is likely to be can be estimated via a three-dimensional Fourier transform

important at some level in our experiment. of the electron distributiothere assumed to have cylindrical
symmetry; the angular form factor is somewhat more com-
B. Cherenkov radiation plex but can also be numerically evaluated if an estimate of

. - ._the angular emittance of the beam is availdi2@).
Cherenkov radiation from a finite electron track length is g 6]

treated by Tamnj25], and was discussed more recently in
the context of coherent radiation from a LINAC beam by
Takahashiet al. [20]. For electrons traversing a track of  Our experiment, although limited in part by some of the
lengthL in a medium of index of refraction [20], same effects as earlier works in separating coherent TR from
CR, has been designed so that the Cherenkov angular distri-
. . bution is quite distinct from the forward-peaked TR distribu-
SINCX (X, 0)sin’ . 2.9 tion. To do this, we use silica sand as our target medium.
This has the further advantage of being a more relevant me-
Here sinox=sinmx/7x and dium with respect to the ongoing high-energy neutrino ex-
periments, since the material is comparable in refractive in-
L dex and RF attenuation properties to both ice and the lunar
X(\,0)=—(1— Bncosh), (2.9  regolith. It has the disadvantage of stopping a lower-energy
B\ electron shower relatively quickly, and this tends to weaken
the resulting CR emission relative to that of TR, because of
where \ is the wavelength of the radiation. The quantity theL? dependence of the CR power on path length evident in
expressed is the total radiated energy per unit wavelength pé&q. (2.5).
unit solid angle. As a result, the CR is peaked at a charac-
teristic Cherenkov angleosf.=(8n) 1. A. Electron beam

_ As we have note_d above, the treatments o_f TR in the The Argonne Wakefield AcceleratéAWA) [27] at Ar-
literature often contain elements that appear as limiting casggynne National Laboratory provided our electron bunches.
of a Cherenkov-like contribution. In fact, similar statementsayy/a produces electron bunches of mean energy 15.2 MeV
can be made about treatments of Cherenkov radiation for th&nd a bunch length of 1 cm. The transverse distribution at

case of a finite track length. Takahastlial. [20] have  ihe exit to the beam pipe was Gaussian witk 7 mm. The
shown that this relation can be interpreted in terms of a CRpaam was pulsed once per second with a beam current tun-
like component from the continuous portion of the trackpie from 0.5 to 25 nClpulse. The beam current was mea-
added to TR-like components from the end points of thegreq hunch by bunch using an integrating current trans-
track. We have not attempted to make such a distinction, by mer (ICT). The ICT produced an output voltage pulse
we note again the strong physical connection between TRronortional to the measured bunch charge, which was re-

and CR. corded event by event.

Ill. EXPERIMENT

L 2

\

dZWCR_ hCan
dndQ  A?

C. Coherent emission from electron bunches B. Target

The equations presented above have not explicitly treated The target geometry is shown in Fig. 1. The target con-
the effects of coherence on the emission process. There isisted of an 80-cm-diam by 55-cm-high polyethylene tub
however, an extensive literature describing the coherenc@vall thickness~3 mm) with a 6-in.-diam, schedule 40 PVC
properties of radiation from electron bunci@$,21,2Q. As  pipe penetrating its side. We used an empty tub for our initial
long as the transverse size of the bunch is less than a fractionns with the PVC pipe left open on both ends. Thus the
of the wavelengths observed, the electric fields of each radibeam exited the accelerator through a 3-mil aluminum win-
ating electron add in phase and the net electric field growslow and ranged out in air several meters beyond the experi-
linearly with the number of electrons, implying a quadratic ment.
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In subsequent runs, we filled the tub with 360 kg of silicaelongation and lateral growth of the shower. The results of
sand, to within 7 cm of its top. The grain sizes were fairly one such simulation are shown in Fig. 2. Here the curve
uniform with 300um diameters. The average density- marked Ne_ —Ng;)/N3° shows the evolution of the elec-
cluding the packing factdrwas 1.58 g/cth We measured tron number as a small shower develops in the initial few
the index of refraction of the sand at 2 GHz to be 1.55cm, and then dies out, with a long tail of stragglers. The
+0.01, indicating that the water content was less than 3% byther two curves show the expected growth in the rms size in
weight[28]. The attenuation of microwaveyld m of such  both transverseX rms) and longitudinal Z rms) directions.
dry sand is small, amounting to a loss of about 1.3 dB at Based on these results, we expect the CR emission in the
GHz. For the sand runs, the PVC pipe was capped with gand to be primarily from the-(3—4)-cm region of the
quartz window at the internal end to hold in the sand. Ourshower maximum, with some additional contribution due to
original intent was to lead the vacuum beam pipe into theCompton electrons extending out 620 cm or more. This
center of the target but this proved impractical due to diffi-latter contribution is reduced due to the increase in the bunch
culties in adequately supporting the beam pipe. Thus theize, which decreases the coherence of radiation from this
electron bunches were transmitted through the aluminunportion of the electron shower.
vacuum window at the end of the beam pipe, through about
50-cm air, and entered the target through a quartz window of D. Antennas
about 6-mm thickness.

We placed 20 dB of RF absorber above and below the tu
to minimize reflections. To suppress RF emission from th
TR at the beampipe into the backward direction, we gener
ally ran with 20 dB of RF absorber along the side of the
beampipe, as shown in Fig. 1.

We received the RF emission signal using a pyramidal
orn, with a nominal half-power bandpass of 1.7-2.6 GHz

and directivity of 15.3 dB at 2.15 GHz. The rectangular ap-
erture of the horn was 36.5 cnE(plane by 27.3 cm H
plane. The angular response of the antenna is shown in Fig.
3. Phase errors at the front of the horn relative to its throat
cause the effective area of a horn to be less than its geometric
area. We calculated the ratio of effective aperture to geomet-

To characterize the expected shower behavior, it wasic aperture to be 0.51, which is typical for such horns. Using
simulated using the EGS4 Monte Cafl@9] assuming that a network analyzer, we estimated further inefficiencies due
the material was quartz, but with the density adjusted tao impedance mismatches and Ohmic losses to be of order
match that of the sand. This allowed us to estimate the lon10%. We estimate our ability to point the horn to be 5°,
gitudinal development in electron number as well as thecorrespondingd a 2 dBloss on average.

C. Simulation of the expected electron shower
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We used a balanced half-wave 6.9-cm dipole with a halfthe signals into the control room with a total attenuation of
power bandwidth of-700 MHz centered at 1.8 GHz to pro- 6-7 dB.
vide a trigger. The dipole signal had a risetime~e150 ps As is typical for an accelerator experiment which must be
and provided a trigger stable to 40 ps or better. done within the confines of a shielded vault, we were limited

The antenna positions are shown in Fig. 1. The dipole wag our ability to place the antennas farther than about 1-2 m
50 cm from the exit of the beampipe at an angle of 70 ° fromfrom the source of the radiation. Thus the response of the
the beam axis, and was stationary during the course of thgorn will be affected by near-fieldFresnel zongeffects. The
experiment. The horn was moved along a fixed radius fronyimary effect within the Fresnel zone is a loss of antenna
the target center to a series of fixed angular positions fr_onéfficiency due to wave front curvature, which produces a
0° to 135°. The outputs of the two antennas were fed withyhase error across the receiving aperture. Using calculations
out amplification into 20 m of coaxial cables, which brought; Ref.[30], we estimate these effects to cause a 0.25-0.4 dB

power loss, depending on the angle of the horn.

E. Data acquisition

All measurements of pulsed RF emission were done in the
time domain using a Tektronix 694C real-time digital sam-
pling oscilloscope with a 3-GHz bandwidth and 10 GS/s,
eight-bit linear digitization of four channels. The signals
from the horn and dipole required no amplification; in fact,
because of the strength of the coherent radio emission, in-
duced voltages in the antennas had to be limited by RF at-
tenuators(typically 20 dB), to bring the signal into an ac-
ceptable range for the 5Q- scope inputs. The scope
produces a time series of the voltages interpolated from
100-ps to 40-ps resolution, which is slightly faster than the
input channel risetime, measured by Tektronix to be in the
range of 50—60 ps. Thus we were able to sample the full
bandwidth of the antenna outputs and thereby make direct
measurements of the electric-field intensities, mediated only
by the response of the antennas and cables used. The excel-
lent time resolution was useful for identifying spurious re-
flections from structures near the target. For each measure-
ment, between 12 and 50 triggers were recorded. All of the

FIG. 3. Calculated angular response lobes of the pyramida[eCOI'ded pUlSE profiles were far above ambient RF noise lev-
horn. The solid and dashed lines are for thandE plane, respec- €ls, and the pulse-to-pulse variation in the profiles is typi-
tively. cally less than 5% per sample.

beam power response (dB)

-40 -20 0 20 40
angle (degrees)
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F. Power and voltage measurements the pulses. For example, we placed an absorber over the
Aportion of the target viewed by the horn to allow us to iden-

culated by summing ¥%/(50Q)(V is the measured voltage tify multipath reception which was not directly associated
over a 3-ns window(75 bing defined by the primary radio with the target. Thus we identified unwanted reflections and

pulse from the electron bunch, either from the Al window of €liminated them from consideration in the analysis.
the beampipéfor the TR run$g or the target centeffor the

CR rung. During this time window, the power contributions IV. RESULTS

from spurious reflections were negligible. The factor of 4 A. TR measurements

accounts for voltage dividing between the antenna and load.
We measured the 3-ns time window to contain 98% of the
total pulse energy as measured at the scope. The origin of t
window was shifted to account for different propagation de-
lays in the sand and aifl n9. The raw recorded voltages
were corrected directly for the effects of attenuators, cabl
and adaptor losses, near-field losses, transmission loss, ap
ture inefficiency, and pointing errors described above.

Detected pulse energy at the face of the antenna was ¢

To provide the simplest geometry for subsequent analysis
éthe TR emission, we made several runs without the large
arget present. To identify any possible emission from stray
surface currents, diffraction, or image charge effects that
é;night be induced by the beam along the beampipe, we made
ientical measurements in this sequence both with and with-
out a 0.7<0.7 m grounded piece of heavy Al foil several cm
downstream from the vacuum window. The thickness of the
foil (several mil was well above the skin depth at our fre-
quencies, and was intended to provide a TR radiator plane
All of the data presented in this paper were taken over anuch larger than the wavelengths of interest.
two-day period, Sept. 23—24, 1999. Except for the “pure TR  Figure 4 shows the measured field strengths for the two
runs,” the measurements were taken 107.3 cm from the cerangles. The field strengths are corrected for attenuation and
ter of the tub with the horn pointing at the tub center. referenced to a distance of 1 m. Conversion of the measured
(i) Pure TR runsTo establish the baseline TR contribu- voltages to field strengths requires a knowledge of the effec-
tion without possible CR effects from the target, we tooktive height of the antennas used; we estimated these to be 18
data with the tub removed so that the only significant radia€m for the horn and 7 cm for the dipole. The time axis is
tion would be TR from the aluminum beampipe vacuumrelative to the dipole trigger, shown ift), which had a
window. Measurements were made with the horn at 8.5 andhorter cable length and was closer to the source. The emis-
16.6 °, pointing directly at the aluminum window. The horn sion with the large foil present is shown as solid lines, and
was placed 183 cm from the foil for these runs. that without the foil as the dotted lines. There is essentially
(i) Empty-target runsAdditional TR measurements were no difference between the two. We conclude that there was
made using an empty target without the quartz window inno contribution due to unexpected image charge or other
place. Our initial goal here was to allow for the possibility of effects from the beampipe end.
subtraction of the TR signal from the target-full runs, thus a There is a marked difference in the pulse shapes between
complete set of angular measurements were made, under ttiee dipole and horn, which is likely to be due both to differ-
same configurations as the full-target runs, that is, with theences in the effective bandwidth of the two antennas and to
horn always pointing toward the target center. Howeverpartial impedance mismatches in the cables. However, in
since neither sand nor the quartz window was present, thieoth cases the full width at half maximu@WHM) of the
observed emission received by the horn actually emanatquulses is of order 1 ns, which indicates that the detected
from the beampipe end. Emission of TR from the beampipeulses are band-limited, sindeT=1 ns=(Af) 1. This is
end is thus received off-axis by the horn at a given angulaconsistent with the view of TR as a process which arises very
position, and must be corrected for the known beam respongapidly as the electrons cross a dielectric boundary, in this
of the horn, which we have done. Measurements were takecase from aluminum to air.
at 15° intervals from 15° to 135°. In addition, measurements One might expect that there is some contribution to the
at the 45 ° position were repeated at a range of beam curreniseasured pulse energy from CR along the air path within our
to measure the coherence properties of the TR in our bandacceptance angle. However, because the effective path length
(iii ) Full-target runs With sand in the target, the electrons for CR production is fairly short in this case, and the micro-
produce TR as they pass through the beampipe end, themave index of refraction of the air is close to unity, the CR
both TR and CR as they enter the target. TR emission froncontribution can be neglected with respect to the TR.
the end of the beampipe will undergo refraction through the The fully corrected pulse energy measurements and those
target. Refraction is less of an issue for CR and TR emissiopredicted by Eq(2.1), where we have assumed that the real
from the sand and quartz window, because we chose thgart of the Al dielectric constant is,=10 at 2 GHz, are
cylindrical geometry to minimize such effects. However, anyshown in Table I. For the horn measurements, the two are in
assessment of full-target contributions of the strong TRdisagreement by a factor of nearly 30. For the dipole, our
emission due to the beampipe end must account for the resingle measurement at an angle of 70° appears to give us
fractive effects of the target. Measurements were taken anore power than expected from the theory. As yet, the
15° intervals from 0 to 135°. For a subset of angles, we alssource of these discrepancies is not completely understood,
measured the polarization of the radiation. and resolution of this issue is the subject of further work. We
(iv) Diagnostic runs We took several special runs with do however, expect that the systematic uncertainty in our
strategically placed absorber sheets to allow for comparisoabsolute calibration is as much as 50%, which can account
studies of different portions of the observed time structure ofor a portion, though not all, of the difference.

G. Data sets
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B. Coherence of TR for the latter case has been corrected for the beam response
of the horn(see Fig. 3 and for the varying distances of the

application to detection of high-energy particles is its coher-2Nt€nna position with respect to the beampipe end. The ver-

ence. Figure 5 shows the behavior of the detected power astig@! rror bars are statistical, and the horizontal bars show
function of beam current for the no-target configuration,tNe acceptance angle of the horn. The data are plotted ac-
where the radiation is expected to be primarily TR. Here the
top points are from the dipole measurements, again at at L L L LI R BB
angle of 70° from the beampipe end. The lower points are 1
for the horn measurements, here all taken at an angle of 45 L
from the beampipe end. The solid lines have a slope of 2/\ o
representing the expected behavior for power proportional tc L B
N2 (full coherencg

The quadratic dependence of power with the number of & 3
electrons per pulse is evident, although there is some dewaA L
tion from this at the highest pulse charges. It is unknown at 0‘ -
this time whether this deviation is intrinsidor example,
from space-charge effeg¢ter is due to nonlinearity in the
ICT.

A crucial feature of this radio emission necessary for its

C. TR angular power distribution

log(pulse ener

In Fig. 6, we show a plot of the angular power spectrum 2 L
measured by the horn for runs where we expect TR to domi- -
nate: the original low-angle runs with no target presentid - -
pointy and the empty-target ruri®pen points The power

10 10.5 11
TABLE |. Measured and calculated pulse energies for the TR |09(Ne)
runs.
FIG. 5. Detected energy per pulse as a function of beam current.
Angle Measured energy Calculation The upper points correspond to the dipole and the lower points the
Antenna  (deg (w Jlsr) (w Jist)  Meas./Calc. horn. All power measurements have been normalized to 15 nC elec-
tron bunches. In this configuration, the primary radiation is ex-
Horn 8.5 5.8 156.0 0.037 pected to be transition radiation from the Al vacuum window. The
Horn 16.6 1.7 45.5 0.037 solid lines are thd\lﬁ behavior if full coherence is obtained, nor-
Dipole 70 21.6 3.3 6.25 malized to the lowest beam currents. In this and subsequent plots,

“log” indicates the logarithm base 10.
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timing differences between the plots for different angles or
for the target-empty vs target-full case arise from differences
in the target geometry and the position of the source of the
radiation.
There are two obvious distinctions between the traces for
full target (solid) and empty targetdotted in Fig. 7. First,
the “full” profiles at low angles appear about 0.8 ns later
than the corresponding “empty” profiles. This is expected
since the refractive index of the sand induces a delay for any
radiation that propagates through it, whether it originates at
the end of the beampipe or from the center of the target. The
index of refraction for silica sand at these frequencies is ex-
pected to be in the range of 1.5-1.7 depending on water
content; our data indicate a value 1.55 as noted above.
0.1 S~ Second, the target-full profiles in general remain centered
around 13 ns, rather than showing the progression to earlier
times that is evident in the target-empty data. This indicates
that the emission in the target-full case arises from near the
center of the target, since the horn antenna position was at a
0 20 40 60 fixed radius from this point. The delay of these pulses is also
angle (degrees) consistent with the geometry.
For example, in the 75° profile, there is a 2-ns delay of
FIG. 6. Average microwave pulse energy plotted as a functiorthe full-target pulse relative to the empty-target pulse. From
of the angle for the target-empty case. Here we have corrected tHeig. 8, the delay should correspond to the difference between
energy for the beam response and the differing distances. All powethe direct ray path from the beampipe end to the Htonthe
measurements have been normalized to 15 nC electron bunchesmpty target cageand the composite path in the full-target
The error bars are statistical in the vertical direction and represenigse, including the beam path from beampipe end to the
the half-power angular acceptance of the horn in the horizonta{arget center and then from the target cereenere the RF

direction. The solid curve is the expected distribution for TR from gmission is formepto the horn. Thus the delay should be
the aluminum vacuum window.

1000

100

10

LBLERRLL BT
14
vl v vl

log {pulse energy} (uJoule sr-1)

111 AIIII

0.01

r=c YA/B+nB+C—D), 4.2
cording to the effective angle with respect to the beampipe _
end. As we noted previously, Cherenkov emission from thevhere A,B,C,D are the distances from the end of the
air path does not contribute significantly in this case. beampipe to the target center, the target center to the target
The plotted solid curve shows the expected theoretica@dge, the target edge to the horn face, and the beampipe end
angular distribution for TR, assuming an Al-to-air interface, to the horn face, respectively.
and the dielectric constant as noted above. The curve shows Since A=70 cm, nB=1.5X40 cm, C=55 cm, andD
the overall discrepancy in pulse energy with respect to the=130 cm, the expected delay is 1.75 ns, consistent with
data we have noted above in Table I. The dashed curve is thehat is observed, within the errors in our knowledge of the
same TR distribution, now normalized to the data value atarget position. Note that the polyethylene tub and PVC pipe
8.5°. The data show reasonable agreement with the expectétithe case where the target is empty have a negligible effect
angular dependence, with some probable systematic diffebn the pulse propagation since they have modest microwave
ences between the target-absent runs and the target-emgfi¢lectric constants, and thicknesses much less than a wave-
runs. length.
Based on the timing analysis presented here, we thus
D. Comparison of target empty to target full identify the time window between 12 and 15 ns as the rel-

In F|g 7, we p|0t an angu'ar Sequence of prof“es of theevant portion Of the plOt in Wh|Ch to eVaIUate the pOSSib|e
received pulses from the target. The solid lines correspond tBresence of a radiation component emanating from the re-
pulse profiles with the sand in, and the voltage scale at lefgion near the target center. We will focus our attention on
corresponds to these profiles. The dotted lines show the pulgbe pulse energy in this time window in the sections that
profiles for the same sequence of pulses for the case whédnllow.
the target was present but had not yet been filled with sand,
and the voltages have been scaled arbitrarily to fit them into
the corresponding target-full profile. No measurement at 0°
was made in this case since the antenna would have been With the target filled, we now expect production of RF
within the beam. All pulse features later tharl6 ns in the emission from the beam dump region. In addition, there is
target full profiles(later than~15 ns in the overlain target- still TR emitted from the beampipe end which now passes
empty profile$ are due to reflections from objects near thethrough the target, where it is significantly refracted by the
target, as we confirmed with diagnostic runs during the exeylindrical geometry and the refractive material present.
periment. In each case, the trigger is identical, and the absdhus although the target is designed to allow for radial
lute timing is preserved to a small fraction of 1 ns. Thus allpropagation of emission from near its center with minimal

E. Target-full angular power distributions
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FIG. 7. Typical traces of horn response versus angle. The pulses from the sand remain in phase as the angle is changed, consistent with
power emanating from the center of the target. The angular dependence of the time delay for the empty target is shown for comparison in
dotted lines.

effects from refraction, the refraction of emission not origi- reflection are also quite small, and combining this effect with
nating at the target center will be significant and must behe forward-peaked nature of the TR from the beampipe, we
explicitly accounted for. find that there is virtually no contribution from the beampipe
Figure 9 shows the behavior of some of the rays associtR beyond the 45° position.
ated with the beampipe end TR, calculated using standard Figure 10 shows the measured pulse endrgymalized
geometrical ray-tracing equations. As the radiation enters th unit solid angl¢ at each of the angular positions around
target along the PVC input pipe wall, it is initially refracted the target-full case. We have also plotigldshed curvethe
away from the beam axis. Upon arriving at the target boundexpected CR angular spectrum from the target center, using
ary, however, the large change in the index of refractionthe measured index of refraction of the sand and the pre-
from sand to air tends to produce total internal reflection fordicted length of the electron cascade near target center, taken
rays at large angles, and those that do escape tend to bere to be 4 cm. This curve was scaled down by a factor of
highly forward-beamed. The net result is that none of the TRB0 to match the lower TR curve in Fig. 6. We have also
from the beampipe end can propagate to angles greater thafotted an estimate of the angular intensity of the forward-
~50° with respect to the target center. In fact, the transmistensed TR(dotted line$. This curve has considerably more
sion coefficient at angles just above the angle of total internalincertainty since it depends on both the accuracy of our ray-
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FIG. 8. An example of the time delay geometry for two different FIG. 10. The measured pulse enefggrmalized by solid angle

cases: emission from the end of the beampipe directly to the horrft each angular position for the full target is. plptted along ‘,Nith the
when no sand is present in the target, and the case of the beam rifleoretically expected Cherenkov angular distributidashed ling

interacting with the target and producing emission radiated from it@lso_plotted is the expected dis_tribution _Of Ien_sed forward(der-
center to the horn, through the refractive target. ted line, based on the ray tracing described in the text.

backward-beam it. We have not attempted to assess the back-
tracing and on theoretical estimates for which the assumedard TR in any quantitative way, but note that it is likely to
conditions(infinite media and track lengthslo not apply. contribute to the increased pulse energy seen at 135° com-
At angles smaller thar-50°, the TR from the beampipe pared to 90°.
is focused forward by the target and adds to the CR from the It is evident from the plot that we have not yet seen a
target center. For 562 < ~90°, we expect little or no con- cl_ear signature of CR at expected Ie_vels. In the_ remainder of
tribution of TR from the beampipe, and we assume forwardhis section, we present other evidence which, although

TR from the quartz window is suppressed since the beariomewhat indirect, does support the presence of CR emis-

stops well within the formation zone. Thus we expect CR toSion in our observations, though it does not account for the
i observed power deficit.

be the main contribution here. A#>90°, both CR and

backward TR from the quartz window contribute, though

again the TR undergoes some focusing which tends to F. Coherence at 60°
We are able to assess the coherence properties of the

150 — — —_— emission observed at 60° from the target center by investi-

i gating the variation of observed power with the intrinsic
variation of electron bunch charge within a run. Figure 11
shows a plot of the logarithm of the integrated power at 60°
within this window as a function of the logarithm estimated
electron number in the beam pulse. The fitted slope of this
distribution is 1.93 0.09, which is consistent with the emis-
sion being primarily coherent. Partial loss of coherence
might be expected in this case since the beam must propa-
gate through 50 cm of air path before it enters the target.
Note that this plot does not cover as large a range of currents
as Fig. 5.

The observed level of coherence for these pulse charges is
consistent within errors with the overall coherence of the TR
measurements presented above, since these measurements
were made at beam currents which were at the high end of
our range, where we had previously seen a tendency for the
coherence to roll off. This observed coherence is of course
expected from both TR and CR emission.

100

6)]
o

distance (cm)

distance (cm) G. Polarization dependence

FIG. 9. Partial ray trace of the TR from the aluminum foil  In the same way that we expect both CR and TR to be
through the sand target. coherent emission processes, they share similar polarization
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AL A B Tt |coss|=1 and these results can then be combined in the usual
. o way to give the fractional linear polarizatidh and the po-
-1.4 |- Coherence at 60 n larization angleg:

[}

» i | JQ2+U? U

3 | ] P I , tan2¢ ) (4.3

> 1.6 7 The results for the four positions measured are shown in
é L - Fig. 12. The different angle positions around the target are
o L | plotted columnwise, and the intensity profile for each case is
& displayed along the top row, followed by the fractional po-

3 i T larization and the polarization angle along the bottom of the
‘g’» -1.8 - — plot. In each case the data have been time-averaged over the

bandwidth-limited resolution intervalabout 1 ns For the
fractional polarization and angle, only points with intensities
greater than 0.05 of the maximum are plotted. For TR and
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 H H 1

CR that arise from a single location and are unscattered, we

0.8 10.9 1 1.1 expect the fractional polarization to bel and the plane of
log(N,) polarization to be horizontgl0°).
We find that the characteristics of the polarization at

FIG. 11. Detected power plotted as a function of electron num- b

ber in the beam pulse, for two target-full runs at a horn angle ofangles greater than 50° are notably different from those of

60°. A fit to the slope of the ensemble of points is also ShoWn_the forward angles where we expect significant superposition

Perfect coherence would give a slope of 2.0, complete incoherenc%f different forward scatte_r_ed ar_ld reflected components of
a slope of 1.0. strong TR. At the 0° position with respect to the target, a
somewhat larger scatter in the angle of the plane of polariza-

. o tion is to be expected, due to the effects of being close to the
properties as well. In the limit of perfect coherence, we ex-

. . polar axis. In contrast, the 15° position with respect to the
pect .bOth forms of emission to be complete_ly linearly IOOIar'target should give a more clearly defined plane of polariza-
|;ed n the plane con;amlng the beam vequty vector and th"ﬁon but also shows a large scatter, consistent with mixing of
direction of observation. For our observation geometry thi

| 4 0° hori | bolarizafi Smultiple components in the TR.
angle corresponds to 0%, or horizontal polarization. At 60° we see a markedly different behavior in the plane
A possible signature of a distinct emission componen

Id be indicated b ianificant ch i th larizati bt polarization, with much less scatter and values that are
could be indicated by a signincant change in the polariza Ior#Iose to 0°. This behavior is also present but somewhat

state of th.e .observed radiation over a p{:\rtlcular range Qeaker at 90°. It is evident that both the fractional polariza-

angles. This is due to the fact that at certain qngular r€919M%on and the plane of polarization are more clearly defined at
of our measurements, the received radiation is a superpogg, larger angles. We interpret this as evidence that we are
tion of TR refracted from the beampipe e(ftom different seeing a single coherent radiation component that displays

ray pat.rt1.$ andf possible CT frofmd.tfr;e tartgethcenter. Sugh SUtharacteristics consistent with Cherenkov radiation from the
perposition of components ot difierent phases can be ext’arget center. We cannot rule out a residual contribution of
pected to produce noisy polarization measurements with

v defined ol f polarizati | trast. ob #R from the beampipe end here, but as we have noted above,
?oory efined p a?e of po arlﬁa lon. in Cg_”tfas » ODSENVA+ 1hage larger angles we do not expect to see significant TR.
lons over an angular region where oneé radiation CoOmponent \y,q paye giso considered the possibility that we are seeing

?re%on*nlmatesfsholulq h:;l_ve Ie_?;. hoise a?dta n;]orte clee;]rly dS’Wide-angle forward TR from the air-quartz-sand interfaces,
Inéd plané ot pofarization. ThiS 1S In fact what We have g jittle or no CR. Although we cannot rule this out, we

obigrved. larizati i de for f ote that the bulk of the electrons stop well within the for-
inear polarization measurements were made for four of, o sone(estimated to be 20-30 cm at 60°) and we

the eight angles around the full target. These measuremen&peCt that the TR is thus suppressed. In addition, the pres-

consisted of recording the field strength profile of the pulseenCe of the sand surrounding the bedat a radius of

at two orthogonal horn rotations around the axis normal to its

receiving aperture. The microwave horn we employed Wa~8 cm—less than 1 wavelengtias it traverses the target
~IVing ap ' o ploy rior to penetrating the quartz window also “smooths” the
designed to have a principal E plane, and had a cros

polarization rejection of~20 dB for linear polarization. dielectric transition and will further tend to suppress the TR.

Given these measurements. we can estimate three of the foWe note also that theoretical predictions for the power and
’ grrlgular spectrum of TR for this interface are inconsistent
Stokes parameters Q, U, and V. If V, and Vg, are the

rthogonal volt m rements. we hav with energy considerations, as we show in Appendix A, so
orthogonal voltage measurements, we have we are unable to make reliable estimates of the power that

I=(Ve)+(Véo), Q=(5)—(V3p), U=2(VoVgo)COSs, might be present in this case.

whered is the phase difference between the orthogonal field V. DISCUSSION

components and the brackétsdenote a time average. If we In the preceding section we have presented results which
assume that the circular polarizatidf=0 on average, then show a clear signature of coherent transition radiation at
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GHz radio frequencies from electron bunches. Although thissur experimentE,~=5x 10?°-10* eV, corresponding to en-

and submillimeter wavelengths, it is to our knowledge the;szscades detected to date.

first such demonstration at these longer wavelengths. Zas, Halzen, and Staneld1] have shown that high-
In addition, we show evidence consistent with a Cherengnergy cascades in solid ice, under the assumption of full

kov component in the emission from our target. This evi-conerence, produce a total radio CR pulse endbwhich
dence relies primarily on the design of the target, which proxan pe written as

duces an angular window where the TR emission is

suppressed, and is strengthened by the presence of a distinct, 5| Ee

linearly polarized component in the emission near the Cher- W=5X10 1TeV

enkov angle, which contrasts sharply with the TR seen at

other angles. However, we have not yet observed eithefhere v,,,, is the highest frequency observéd practice,

Cherenkov or transition radiation that is consistent with thelpss of coherence sets in fof,,,=2 GHz). This quadratic

expected power in our experiment. dependence of radio power implies a saturation energy: that
One possibility is that complete coherence is not fullyjs, we can equate the total energy in E8.1) with the total

obtained in either our TR or CR production, due to possibleenergy in the shower to derive an upper lirfit,,, for the

saturation or self-quenching effects in the electron bunchmaximum energy at which this relation can be valid. Thus
There is in fact some evidence that a partial loss of coherye find
ence is present in the TR ruiisee Fig. 5. This effect ap-

| _vmax | J 5.1
1GHz 6.0

pears to set in only at the highest beam charge values. As Emax=3X 104 eV, (5.2
discussed in the following subsection, such a roll-off for the
highest energy showers must happen at some point. which is only a factor of 600 above our highest equivalent

cascade energy. Howevét,,,, represents the value at which
all of the shower energy is lost to the RF pulse; in fact, a
more conservative approach would require some type of eqg-
If we take the value oN, as a measure of the charge uipartition of the shower energy among other energy-loss
excess in a cascade, we can associate our measurements witachanisms such as ionization, and would require that the
an equivalent cascade energ§s=N./0.2 GeV, where we radiation reaction of the shower conserve total momentum.
have assumed here that the charge excess is 20% of the tofdius we predict that Eq5.1) must begin to lose validity at
charge near the shower maximum. For the bunch charges some critical energyE ;= €Enax, Where we expect that

A. Implications for cascade radio emission
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e€<0.1. Our data in fact suggest-0.001 if the loss of co- energy given by our dipole measurements. If these results are
herence we observe at the highest bunch charges is due ¢orrect, the energy threshold may be an order of magnitude
some related effect. lower.

Similar arguments can be applied directly to the theoreti- These results support the cla[h4] that TR detection of
cal power expected in our experiment from both CR and TRcascades is feasible for the case that a cascade emerges
If we integrate over just the forward angles for our experi-through some surface into a medium transparent to radio
mental conditions, the total expected power in our passbanemission, and this analysis also applies to detection of cas-
is =60 uJ. The total energy per electron bunchNsE,  cades on earth. For example, our measurements could be
=2.2x10° uJ for 15 nC and 15.2 MeV electrons. Thus the applied to the case of a shower that was initiated in air and
theory predicts that about 1 part in 3600 of the bunch energthen entered ice near a subsurface radio array, such as has
to be radiated in our band for fully coherent emission. How-been proposed and prototyped in Antarcti@zb,4]. In this
ever, this implies that only a factor of 60 increase in thecase, we can write the threshold energy more generally as
bunch charge would lead to a complete loss of energy of the

bunch to coherent RF emission. Thus it appears that our . o v\ Y2 Ay 2
experimental condition may be more severely affected by Etnr=5x 10" 900 MHz 2500 2
possible loss of coherence than E§.1) implies.
R TSyS 1/2 v .
B. Lower limits on cascade power atE,=10% eV 3.8<1C¢ m) | 220 K eV, (5.9

In spite of the difficulty in finding a satisfactory resolution
to the apparent discrepancies in observed vs theoreticalhereA.y is the total effective collecting area of the antenna
power, we can still use our observed values to derive loweor antenna arragincluding aperture efficiengyR is the dis-
limits on the expected power from both TR and CR fromtance to the cascade, afig,s the system temperature. Here
cascades in materials similar to what we have observed. Fave have assumed that full coherence obtains at lower cas-
TR, refractory materials such as sand, lunar regolith, or icgade energies; thus the exponent for the energy term above
produce nearly the same spectrum as the aluminum windowas assumed to be 2.0 rather than 1.9 as we have used at the
used on our beampipe end. Thus our results are directly afighest energies.
plicable to cascades that encounter interfaces in these mate- If we apply this equation to the case of an antenna array in
rials, for example a cascade that emerges from the materigde comprising 10 rheffective aperture, operating @ty of
into either air or vacuum is closely analogous to what we1000 K with a 900 MHz effective bandwidth, the system will
have observed for TR. In the CR case, our results are morgave a TR detection capability for cascades wit=2
uncertain but may still provide a preliminary experimental x 10'® eV entering the ice from above, out to a distance of
lower limit in estimating cascade emission. 250 m. However, we caution that the formation zone effects
may be important depending on how rapidly the near-surface
1. Transition radiation refractivity of the ice changes with depth.

The highest values in our TR measurements of the pulse o
energy were~6 uJ sr 1. Converting these to the flux den- 2. Cherenkov radiation

sity units commonly used in radio astronomical measure- Although we attempted to optimize our experiment in fa-
ments, we estimate that the TR flux density produced at eartfiyr or CR detection rather than TR, we cannot yet claim to
from a cascade oE,=5X 10°* eV emerging from the sur- have made measurements of it adequate to allow us to make
face of the lunar regolith is definite statements about the application of these data to the
detection of radio CR from high-energy cascades. One thing
is much more clear to us after having performed this initial
Jy, (5.3 experiment than was evident in the literature: the processes
that produce these two forms of radiation are physically very
closely aligned.
where 1 Jy=10"%* W m~™2 Hz"*. Since the TR angular dis-  The problem of separating the two forms of emission is
tribution appears to be confirmed by our data for these conparticularly acute when the radiation can be formed in nearly
ditions, we can also estimate that the maximum flux densitthe same physical location, such as at the quartz window
for this case, at an angle ef1.5° from the cascade axis, iS entering the target in our case. In fact, the theoretical formu-

19
Eo

5X 107t eV

S(6=10°) >5ooc(

about a factor of 20 higher than at10 °: lations for TR at this point do not themselves clearly separate
the two processes, as we noted in an earlier section,
Eo 19 “Cherenkov-like” components appear even in the TR equa-

Smad 0=1.5°)=10° Jy. (5.4  tions. Thus, we suggest that a more complete theoretical ba-
sis for TR formation under realistic conditions with finite
track lengths and boundaries be developed.

The large antennas used in lunar pulse searches have dem-An important aspect of the operating regime of our ex-

onstrated the ability to achieve noise levels of order 400 Jyperiment is that the detected Cherenkov power should scale

[10] or less. Thus it appears that the energy threshold foguadratically with both the total track length as well as the

detection of events by TR alone ix80?°°eV. Here we number of particles. For solid materials, the mean electron

have not considered the indications of higher measured pulsgnergy near the shower maximum for a typical high-energy

5X 107 eV



PRE 62 RADIO-FREQUENCY MEASUREMENTS OF COHEREN. . . 8603

cascade is closer to 100 MeV rather than the 15 MeV used cantly improve our power calibration capabilities. We would

in our experiment. Thus the total track length is much longe@lso plan to more carefully calibrate the beam current mea-

and the Cherenkov production is more directive and theresurements with a Faraday cup to determine if the apparent
fore more intense near its peak angle. Any scaling from exloss of coherence that we see at high beam currents is real or
periments similar to ours must account for this effect. due to nonlinearities in our measurement.

If we do attribute the observed power of 0.0&4 sr ! at Future experiments along these lines should also be done
our 60° angle primarily to Cherenkov radiation, we canusing pulsed high-energy photons, whose radiation length in
make a tentative estimate of the possible energy threshold f@and (30-40 g cm?) will allow the shower to develop
CR detection. A cascade of energyl0?° eV in ice or the ~ Within the target and will thus avoid the generation of tran-
lunar regolith will have a length of order 10 fi1] near the  Sition radiation at the beampipe end and entrance to the tar-
shower maximum. For this length, the implied angular en-9€t.
hancement in the intensity is of order “0 giving On the theoretical side, analytic or parametric formulas
~140 nJd s, comparable to the observed TR intensity atfor dealing with disturbances of the charge inside the TR
an ang|e of~1.5°. The |mp||ed cascade energy thresho|d,f0rmati0n zone would be h8|pr| We would also like to see
using the same arguments as above, is therefore comparaffletheoretical understanding of the critical energy beyond
to that implied by our TR results. For the lunar regolith, which the coherence fails to scale lf, which must be
Ewn~5% 10 eV, similar to values estimated from complete important near the energies and currents we are using.
electromagnetic simulations of ultrahigh-energy cascades
[11,6,;2. If our assumptions are correqt, this valu_e is con- ACKNOWLEDGMENTS
servative, and we expect further experiments to yield a po-
tentially much lower cascade energy threshold for coherent We thank George Resch and Michael Klein for their gen-

Cherenkov detection. erous support of this work, Michael Spencer for the excellent
Sband dipoles he produced, and John Ralston, Jaime
C. Implications of RF lensing effects Alvarez-Muriz, and Enrique Zas for their helpful comment-

In concluding this section, we note that the lensing effectS” the manuscrlpt. We thank Jamle Rosenzweig fpr valu-
on the forward-beamed TR ’emission that we have observegble advice. The Argonne Wakefield Acce_le_ra_ltor 'S sup-
. ' . . : orted by the U.S. Department of Energy, Division of High
in our target-full configuration have potentially important
implications for experiments to detect cascade emission from I —

the lunar regolith or other materials observed through a re- 2

. . . Al->aqir a ] Al-sand b ]
fractive interface. Under these conditions, our results sugges ok 1 b E
that total internal reflection of the cascade radio emission car oo i R KN g
strongly suppress it at certain angles and under certain gec -2 [ JF -=-=-o
metrical configurations. o f ] , ]

This effect is potentially helpful in distinguishing par- 3 I [ IF “ .
ticles such as hadronic cosmic rays or phottmkich inter- Y JE 7 E
act immediately upon entering the refractive materdsdm o 1r gl ¥
neutrinos(which can interact near the surface of the material 7 -8 D A4 N T
after traversing it over large distanges$n the latter case, : P ML L B I B B o AU IR I I I
since the critical angle for total internal reflection is the © [ sond-air ¢ air->sand d

complement of the Cherenkov angle at a vacuum interface§ or
the CR can exit the surface into the vacuum. However, in thes C
former case, the CR from the cascade will suffer total inter- = r
nal reflectance and will not emerge from the surface. Clearly, _4[
surface irregularities at scales approaching an RF wavelengt F
will modify this conclusion at some level, but to first order -6
this effect will tend to suppress the detection of cosmic ray [
events relative to upcoming neutrino cascades in lunar obser
vations.
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VI. FUTURE WORK FIG. 13. Predictions from Eq(2.1) for emission of coherent

- . . . radio-frequency TR using various dielectric combinations. The
Our ability to separate TR from CR in this analysis de'wavelength range used is 11-18 cm, and the electron bunches have

pended on the geometry and precise timing. TR from the, anergy of 15 MeV with a bunch charge of 15 nC. In each case,
vacuum window was lensed into most of our observingme solid curve gives the angular spectrum, the dashed curve the
angles. In a new experiment, with the window farther for-integral of that spectrum, and the dotted curve the total available
Ward, much of this effect will be avoided. In addltlon, tak|ng kinetic energy of the bunc“a) The metal-to-air interfacqb) The
more position angles with full polarization measurementsaluminum-to-sand interface predicts a Cherenkov-like distribution
will further assist us in separating prompt from lensedwhich appears to emit too large a fraction {0%) of the total
power. energy into TR[(c) and (d)]. The sand-air and air-sand interfaces

Our results suffer in part from the difficulty of achieving predict a complex behavior which is physically unrealistic since the
accurate power calibration. In future work, we will signifi- total energy exceeds that of the available kinetic energy.
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Energy Physics, under Contract No. W-31-109-ENG-38limeter and far-IR measurements of TR from electron
This research was carried out in part at the Jet Propulsiohunches: radiation from the exit of the bunch through a
Laboratory, California Institute of Technology, under con-beampipe metal window into air. In this case TR is forward-
tract with the National Aeronautics and Space Administrapeaked at an angle ef 1/y, and the total energy radiated in
tion. This work was also supported in part by the A. P. Sloarcoherent TR in this case is2x10™* of the available ki-
Foundation and by the UCLA Division of Physical Sciences.netic energy. As we have seen above, we find that our data
confirm the angular distribution shown here, though not the
APPENDIX: PREDICTIONS FOR RADIO-FREQUENCY total pulse energy. o
COHERENT TR In Fig. 13b), we plot the prediction for the case of the
electron bunches exiting a metal window directly into a di-
To illustrate some of the complexity in evaluating the electric material wittn=1.5 corresponding to silica sand as
theoretical predictions for TR in the radio-frequency regime,we have used in our experiment. Here the strong peak at the
we have calculated the forward angular spectra for TR in @ominal Cherenkov angle is evident, and the forward peak
number of configurations relevant to our experiment, usingseen in the previous pane is no longer present. Also impor-
Eq. (2.1). We have chosen a frequency range of 1.7-2.Gant is the fact that the total energy in the coherent emission
GHz, corresponding to the range used in our experiment. Waow approaches 10% of the available kinetic energy. This
have considered emission from a single bunch of 15 Me\prediction thus appears to be physically improbable.
electrons with a total charge of 15 nC. For our purposes here |n Figs. 13c) and 13d) we see even more complex be-
we have scaled the results by a factomNgf, corresponding  havior in the cases of sand-to-air and air-to-sand transitions.
to perfect coherence. Clearly in both cases the predicted total energy exceeds the
Figure 13 shows the results of this analysis for severahvailable kinetic energy and thus the theory appears to be
combinations of upstream and downstream materials, noteidadequate in treating this combination of parameters.
in the panel text. In each case we have plotted the angular This example highlights two issues that we have faced in
spectrum predicted by E@2.1) with a solid line. Also plot-  this experiment. First, what is the actual TR angular distri-
ted (dashed curveis the integral over the angles shown of bution in cases that differ from the simple metal-to-air inter-
the total energy of the pulse. The dotted curve shows théace commonly treated by the theory? Second, how do we
total available kinetic energy of the electron bunch. resolve the issue of what fraction of the total energy in a
In Fig. 13a) we plot predictions for the case most com- particle bunch can reasonably be emitted into coherent radia-
monly encountered in the experimental literature for submiltion?
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